The most distinctive characteristic of Basques is their language. Basque (or Euskara) not only lacks a common Indoeuropean root with the majority of European languages but is a linguistic isolate with no known living European relatives. Although linguistic differentiation cannot always be linked to an underlying genetic distinctiveness (Cavalli-Sforza et al. 1994; Sajantila and Pääbo 1995; , a number of genetic studies on classical markers (Mourant 1947; Aguirre et al. 1991; Bertranpetit and Cavalli-Sforza 1991; Calafell and Bertranpetit 1994; Manzano et al. 1996a,b) have argued in favor of a parallel evolution of language and genes in the case of Basques. Similarly, they led to suggestions that Basques might be a relic of Mesolithic Europeans (Cavalli-Sforza et al. 1994) , who escaped the homogenization brought about by the Neolithic demic expansion from the Near East (Ammerman and Cavalli-Sforza 1984) . Recently, others have challenged this hypothesis and claim a colonization of the Basque region ∼5000 BP by a small Neolithic population from the North Caucasus region (Calderon et al. 1998 ).
Polymorphisms at the DNA level are much more abundant and informative than gene products and allow phylogenetic analysis. In an attempt to provide new insights into the origin of Basques, Bertranpetit et al. (1995) focused on the hypervariable segment I of the control region of mitochondrial DNA (mtDNA); the Basque distinctiveness was not confirmed by genetic distances when compared to other world populations but, instead, seemed to support the lack of geographical clustering of mtDNA variants in Europeans. This has been explained as a function of the high mutation rates of mtDNA, at least at some mutational hot spots, which tend to homogenize summary distances between populations (Cavalli-Sforza and Minch 1997; Richards et al. 1997 ). However, Richards et al. (1996) demonstrated by comparison of mtDNA sequences that the only consistently different European population in their study was the Basques and proposed an alternative explanation for the Basque distinctiveness, based not on Basques being the only pre-Neolithic relic in Europe but on a period of long isolation and genetic drift.
However, mtDNA is still a single effectively nonrecombining molecule, and additional forces, such as selective hitchhiking and/or background selection, may influence its distribution. Selection may have also had a role in the distribution of the variability observed in classical markers, especially in the HLA system, for which not only strong balancing selection has been proposed to explain its variability but also recombination or convergence (Hedrick 1994; Hickson and Cann 1997; and references therein) . Nevertheless, principal component analyses of HLA class I and II loci still demonstrate some distinctive features of the Basques (Comas et al. 1998) .
Repetitive DNA sequences such as microsatel-lites have become an increasingly popular alternative in evolutionary analysis and have also been applied to the study of Basque diversity (Iriondo et al. 1997; Garcia et al. 1998) . However, size constraint may limit the range of microsatellite alleles (Garza et al. 1995) , with recurrent mutation causing an eventual loss of their phylogenetic information (Nauta and Weising 1996; Feldman et al. 1997 ). Additionally, different microsatellite loci are likely to show different size constraints and different mutation rates. In this regard, the analysis of loci with lower effective population size, in which drift tends to dominate over mutation, such as those on the Y chromosome (effective size one-fourth of nuclear loci), showed the Basques as an extreme of the European frequency distribution because of their low haplotype-diversity value (Scozzari et al. 1997 ; but see Perez-Lezaun et al. 1997) . Other Y-chromosome polymorphisms support the ''outlier'' behavior of Basques (Lucotte and Hazout 1996; Semino et al. 1996) .
Here, we examine Basque diversity in the context of other world populations already studied, using another class of variable number of tandem repeat (VNTR) loci, minisatellites (Armour et al. 1998) . The autosomal minisatellite MS205 not only shows huge allelic diversity with a heterozygosity value close to 100% (Armour et al. 1993 but other additional useful properties: Its size distribution, so far restricted to between 1 and 5 kb, allows Minisatellite Variant Repeat analysis by PCR (MVR-PCR) (Jeffreys et al. 1991) . Thus, minisatellite alleles are not only differentiated by length but also by the internal arrangements of variant repeat units. Furthermore, a considerable body of data is available on its mutational processes, shown by pedigree and small-pool PCR (SP-PCR) analysis of MS205 mutants (Jeffreys et al. 1994; May et al. 1996) . Mutation events (average mutation rate 0.4% per gamete; Royle et al. 1992) , are highly restricted to the 3Ј end of the minisatellite, whereas the 5Ј end remains more stable. This polarity allows some of the deeper evolutionary history of the alleles to be retained, whereas differences confined to the unstable 3Ј end tell us about more recent relationships between alleles.
RESULTS
A total of MS205 alleles from 218 Basque (Northern Spain), 48 Castilian (Northern Spain), and 46 individuals from the United Kingdom were MVR analyzed in this work for their A/T variant repeat interspersion pattern. Analyses were performed on this data set, along with that described in Armour et al. (1996) .
From a total sample size of 321 individuals representing the global world population, 393 different alleles could be observed, many of them specific to each population sample (287 alleles were singletons). In Basques, the most represented sample, 146 different alleles were detected from a total of 118 individuals [including the 9 individuals analyzed in Armour et al. (1996) ]. Of those, 25 alleles are shared with some of the other samples of European origin (the Northern European sample from the CEPH panel, UK individuals, Finns, and Castilians), and 34 when considering all of the populations worldwide. Therefore, most of the shared Basque variability is of European origin. The unshared alleles were mainly singletons (88 of the 112 unshared alleles).
Basques, Castilians, and UK individuals show high levels of heterozygosity (>0.99), as do the majority of populations described . Although Africans show a slightly lower heterozygosity value, it is not significant (one-tail P value = 0.11), as expected for loci with high mutation rates (Relethford 1997) , confirming that European ascertainment bias is eliminated at highly polymorphic loci (Rogers and Jorde 1996) .
No significant departure from panmictic HardyWeinberg expectations was observed for the Basques ( 2 = 0.856, P = 0.635), thus supporting the idea of lack of significant Basque heterogeneity. However, for this kind of highly polymorphic system the effect of substructuring on heterozygosity deficiency is minimized .
Allele t10.7 (5Ј-ttttttttttattatatattatttttttttttattatatattatta-3Ј), termed CE1 in Armour et al. (1996) , with high frequencies in Saami (0.21) and Japanese (0.3) and a very high frequency in Surui (0.75), has also been found in the Basque sample, but as a singleton. However, two other very similar alleles (t10.8, 5Ј-ttttttttttattatatattatttttttttttattatatattattaa-3Ј and t10.9, 5Ј-ttttttttttattatatattatttttttttttattatatattattaaa-3Ј) are present in this sample with high frequencies: 0.04 and 0.03 (nine and eight counts) respectively, the highest individual allele frequencies found in the Basque sample. Only the Japanese and Saami samples, along with the Castilian sample, share t10.8 with the Basques, and only the Saami sample share t10.9 with the Basques. In general, the t10 group (to which t10.7, t10.8, and t10.9 belong) is very homogeneous. Only 33 different t10 alleles, very similar in internal structure, have been observed in comparison to the 81 found for the t8 group, the 155 for t11, or the 87 observed for t12, and most of its lineages share alleles that can be related by a single apparent mutational event. This may be a reflection of a lower mutation rate for this group; in this regard, at least for t10.7, a 10-fold reduction in mutation rate has been observed in analysis of sperm DNA . Another slowly mutating allele , belonging to the t12 group (5Ј-ttttttttttttattatatattattttttaa-3Ј) is also found at relatively high frequency in European samples (four times in 236 Basque alleles, three in the 106 alleles of the Northern European sample, three in the 46 UK alleles, and once in the Castilian sample of 48 alleles). A similar allele (5Ј-ttttttttttttattatatattatttttttaaa-3Ј) is found five times in Basques only. Differential allele mutation rates may therefore have favored drift to higher frequency for those alleles with the lowest mutation rate. This is especially conspicuous in the Surui population, in which t10.7 accounts for 75% of alleles. The extent to which varying average mutation rates at this minisatellite may explain different evolutionary rates for populations with different allele compositions remains to be studied.
The parameter = 4N e µ has been estimated as H = 135.9 ‫ע‬ 23.6. This allows us to estimate the long-term mean effective population size. Thus, for the total Basque population, using an average mutation rate of 0.4%, an approximate value of 8500 is obtained, in fair agreement with the conventional Figure of 10,000 (Harpending et al. 1998 ). An estimate ( k ) of the same parameter from the number of observed alleles can be used instead to obtain the expected number of rare alleles (in this case, arbitrarily, those found only once) under an infinite allele model (IAM) and compare this to the observed value. For the Basque population, there is a nonsignificant excess of observed rare alleles (100 observed vs. 96.4 ‫ע‬ 9.8 expected, P(n ജ 100) = 0.37; k = 162.3 ‫ע‬ 23.1), suggesting a fit to the model. To represent the similarities between populations graphically, the allele frequency distributions were used as an initial approach by means of correspondence analysis (Fig. 1) . The first two factors explained only ∼17% of the total inertia. Axis 1 showed differentiation of the African populations, whereas axis 2, apart from displaying the outlier behavior of Melanesians, shows Basques forming a homogeneous group with the rest of the European populations.
It can be argued that this approach disregards any information on phylogenetic relationships between alleles. We have therefore applied a procedure using values intended to reflect the average phylogenetic dissimilarity of alleles within and between populations. The permutation test of genetic differentiation between populations (Table 1) shows in principle the same population relationships. Although we need to bear in mind that the small sample size for some of the populations analyzed may reduce the power of the test employed (Hudson et al. 1992) and that more extensive bootstrapping would help reducing the variance associated with the significance values, in the particular case of the Basques no significant differences with other European populations are found.
However, the neighbor-joining tree in Figure 2a shows that although Basques lie within the European cluster, their long branch indicates a divergent behavior. The same pattern is observed under a Fitch algorithm (data not shown). This divergence is more conspicuous in the consensus tree of the bootstrapped data sets, which supports a shift for the Basques from within the European populations to a position between Europeans and Africans. These apparently discordant results can be reconciled as Basques being a divergent European population that has retained a greater proportion of more ancestral alleles.
In this sense, estimates of allele age may provide a clue to the minimum age of a population. The advantage of MS205 in this regard is that its high mutation rate and its fit to IAM increase the chances for the generation of a number of populationspecific alleles (or groups of alleles). If it is possible to estimate their age, we can infer a minimum estimate of the age of the population to which they belong. However, reconstructing the phylogeny of all groups of alleles is not straightforward, as some mutational events may produce, by chance, similarby-state alleles (the chances of producing an allele identical to previously existing ones by recurring mutation are more remote, especially if alleles with an unusual internal structure are considered). Thus, estimation of allele ages has been restricted to independent single alleles rather than lineages until additional information is gathered.
For the Basques, allele t14.1 (5Ј-ttttttttttttttatattattttatta-3Ј) is the best example of a populationspecific allele; it has only been found in Basques (four copies have been observed in 236 Basque alleles), and no other allele belonging to the t14 group has been detected in any world population.
We have based our analysis in a present day population size for the (autochthonous) Basques, of 0.5 million individuals. Calderon et al. (1998) argue that the present-day population in the Basque Country would be ∼3 million people and that not more than one-fourth of the population settled in the Basque region can be considered autochthonous Basque for genetic studies. Therefore, half a million seems to be a conservative estimate. Calderon et al. (1998) also suggest that the estimated population density figure for Paleolithic times was on the order of 0.1 inhabitants/km 2 , ∼2000 people. Assuming an exponential increase in population size, we obtain (using N o = 2,000, N t = 500,000, t = 40,000 years), a value for the exponential growth rate r of 0.00014 per year (i.e., 0.0028 per generation). To be conservative in the estimate of allele ages, we have used r = 0.005 as estimated for the general Western European populations (Slatkin and Ranala 1997) , which gives younger estimates of allele ages.
Thus, according to Slatkin and Ranala (1997) , the maximum likelihood estimate of the age of allele t14.1, for instance, would be 19,441 years, with confidence limits of 11,260-31,700 years. Other examples shown in Table 2 yield similarly preNeolithic estimates for the allele ages.
It can be argued that sample sizes analyzed so far are responsible for the nondetection of at least some of the alleged Basque-specific alleles in other world populations. Although this can hold true for some of them, many alleles observed twice have only been detected in a specific Basque subpopulation. On the other hand, one should expect alleles with a high frequency to be observed at least once in some other world population sample if they represent common ancestral alleles.
Calculated allele ages are likely to represent minimum ages, as we cannot ascertain if other closely related alleles, population specific or not, are derived from the allele under consideration or from other alleles observed in other populations. If the latter holds true, our inferences are not affected; if the former, these alleles would be part of the same lineage, and in discarding them we are not taking into account their frequency, thus producing younger estimates of the population age.
DISCUSSION
Although the Upper Paleolithic period offers a number of archaeological sites in the Basque Country, all of them in caves, the anthropological reconstruction of the local ethnogenic processes suffers from a scarcity and fragmentation of human paleontological remains (de la Rua 1995 and references therein). In this scenario, the analysis of genetic polymorphisms in the extant Basque (and world) population stands as a useful and complementary approach to unveil our links to the past.
As regards our more distant past, the comparison of the classical heterozygosity values to the intrapopulational averaged diversity values ( Table 1) shows clearly that although most of the non-African populations have acquired high levels of diversity, this is mainly associated with mutations occurring in the hypervariable 3Ј end that have generated a huge number of closely related alleles. This in principle would agree with the accumulation of diversity after an expansion event, in which genetic traits associated with low mutation rates show less postexpansion diversity compared to traits with higher mutation rates (Relethford 1997) . Africans, on the other hand, despite showing similar heterozygosity values to Europeans, have a higher intrapopulational averaged allele dissimilarity (Table 1) , reflecting a higher degree of slower-evolving, older diversity. This is consistent with African populations evolving for longer times and/or with greater longterm effective population sizes.
This study points to a European affiliation for the Basques. Nonetheless, the observation that a significant proportion of apparently Basque-specific alleles can be dated back to post-Aurignacian indicates a continuity of this population from prehistoric times several thousand years after the arrival of modern Homo sapiens in Europe, to the present day.
Archeological data suggest that the expansion of typically Aurignacian technology [attributed specifically to modern H. sapiens and most likely originating in the Middle East ∼100 thousand years ago (kya)] into Europe, and the dispersal of the associated populations, could be linked to an East-West cline. However, strong evidence indicates that Aurignacian was already present in Northwestern and Northeastern Spain at least by 40 kya, earlier than in Southwestern France (∼35 kya); here, it coexisted for several thousand years with the typical Neanderthal-associated Chatelperronian culture, which penetrated for a short distance into the Pyrenees and adjacent Northern Spain (Mellars 1992) . Similarly, late Mousterian (Neanderthal) also coexists in some (Cerdeño and Vega 1995) . In addition, Neolithic culture in the Basque Country seems to be a late and partial process (Cava 1990 ). Thus, preservation of these Upper Paleolithic alleles by a certain degree of isolation rather than by drift seems a more plausible explanation as, for the inferred long-term effective population size (close to 10,000), mutation appears to be the major driving force for the evolution of this minisatellite .
Although caution must be taken about the population specificity of the alleles from which ages have been estimated, these data suggest that Basques may at least have retained some of the ancestral European Paleolithic diversity, therefore supporting the previous hypothesis of Basques predating the Neolithic expansion from the Near East (Cavalli-Sforza et al. 1994 ). Thus, assuming that Neanderthals left no significant contribution from their gene pool (Krings et al. 1997 ), a southward Upper Paleolithic expansion from an area in Northern Spain-Southwestern France containing the Basque Country [it is well known from toponymy that Basque was once a language widely spoken over Southwestern France (Cavalli-Sforza et al. 1994)] would in this context correlate with the first principal component of gene frequencies for the Iberian Peninsula (Calafell and Bertranpetit 1994) . The dense concentration of cave art within this region (i.e., Lascaux in Southwestern France, Altamira in Northern Spain; between 20000 and 15000 BP) has been related to the high density and concentration of human populations within this area, probably to the particular economic and ecologic opportunities (Mellars 1998) . However, more data on similar loci and more extensive samples from a greater number of populations, especially surrounding the Basque area, are necessary to add support to this hypothesis. Whether or not other European populations conceal specific alleles that can be traced back to a pre-Neolithic period can be approached similarly.
The story involving MS205 is just one of the many that shape the genomes of the populations. To untangle them, future work will encompass the analysis of the 5Ј-flanking sequences of the minisatellite, not only to get a better resolution of the phylogenetic relationship between MS205 alleles but to make full genealogical use of this nuclear sequence information.
METHODS Samples
Blood samples (10 ml) were obtained by venipuncture with the informed consent of volunteers. DNA was extracted from frozen blood samples using Nucleon (Scotlab) or standard phenol-chloroform techniques. A total of 312 MVR alleles were obtained from 109 autochthonous individuals from the Basque Country, Northern Spain, covering the provinces of Alava (Araba), Vizcaya (Bizkaia), Guipuzcoa (Gipuzkoa), and Navarra (Nafarroa); 24 Castilian individuals from the northern area of the province of Burgos (Northern Spain), and 23 individuals from the UK. These alleles were analyzed, along with a previously described world survey including African (Kenyans, West Africans, and Zimbabweans), Finns, Saami, Moksha (Finno-Ugric speakers from the Urals), Japanese, Surui (Amazonians), and Melanesian populations .
MVR Analysis of MS205
Internal structures of MS205 variant repeats were analyzed as described (Armour et al. 1993) , except that primer 205TAG-T was used . In short, 50 ng of DNA was amplified in a first round of PCR with primers 205A and 205B for 16 cycles; amplification products were run on 0.8% agarose gels and identified by hybridization of the corresponding Southern blots to a 32 P-labeled MS205 probe. A second independent reaction of amplification for 25 cycles allowed the direct visualization of MS205 alleles on an ethidium bromidestained agarose gel under UV light. Positive identification of PCR-amplified minisatellite alleles was accomplished by size comparison with the corresponding hybridization autoradiograph. Bands were subsequently cut out and DNA was extracted in 1ml of water by freezing and thawing repeatedly.
Four PCR reactions per allele were performed, using the flanking primer 205A in combination with TAG-RA or TAG-RT reverse repeat-specific internal primers, or flanking primer 205B and TAG-A or TAG-T forward primers. The four sets of PCR reactions allowed us to obtain the full unambiguous MVR alleles after hybridization to probe MS205, especially in the cases of long (4-5 kb) MS205 alleles. In the case of alleles of very close or identical length (but different internal structures), the use of primers specific for flanking substitutional polymorphisms allowed us to amplify one allele or the other.
Allele Nomenclature
Alleles were designated according to the length of the run of t-type repeat units at the beginning of the 5Ј end, followed by an arbitrary number to identify the different internal structures of the alleles within the group. Thus, allele t10.7 represents allele number 7 of the group of alleles with 10t-type repeat units at the beginning of the 5Ј end.
Data Analysis
An unbiased estimate ( H ) of (4 N e µ) was obtained by itera-tion from the expected heterozygosity under the infinite allele model, following the procedure of Chakraborty and Daiger (1991) . The expected number of rare alleles, and the significance of the difference from the observed value was also calculated as in Chakraborty and Daiger (1991) using k , the iteration estimator of based on the expected number of alleles.
Multivariate Factor Correspondence analyses of allele frequencies in populations were performed using the ADE-4 package (Thioulouse et al. 1997) .
To gain a deeper insight into the phylogenetic relationships among populations, customized computer programs were developed. One of them compares all pairs of alleles in the global sample and establishes a distance value for each comparison. In this procedure, data on the rate and pattern of mutational events at MS205, revealed by analysis of sperm mutants by SP-PCR (Jeffreys et al. 1994; May et al. 1996) were considered. The polarity of the mutation (with a greater penalty going to those mutations inferred to have taken place at the 5Ј end compared to those at the 3Ј end), the length of the region involved, and the kind of mutation involved are factors in the program. Thus, relationships among alleles differing by small insertion/deletion events, terminal and subterminal duplications of small blocks of repeats, and terminal and subterminal short gene-conversion events are included, as well as comparisons of the numbers of t-repeat types in the first run of ts from the 5Ј end.
Based on Nei's minimum distance (1987) and the works of Hudson et al. (1992) and Shriver et al. (1995) , the averaged intrapopulational diversity, a value representing the average dissimilarity between pairs of alleles for each population, was estimated as
where n is the total number of alleles in the sample and d ij the calculated (as indicated above) distance value for each corresponding allele pair. This figure represents the comparison of a population to itself and matches the classical heterozygosity
when a binary code (0 for identical, 1 for different alleles) is used as the distance value between alleles, disregarding any phylogenetic information. Confidence intervals were estimated by bootstrapping 100 times over alleles.
Subsequently, an averaged interpopulation diversity value between populations x and y,
was calculated by comparing all alleles in population x to all alleles in population y, where n x and n y are the corresponding sample sizes (numbers of alleles). This dissimilarity value was used as a measure of genetic distance as An estimate of the sampling distribution of this parameter d xy was obtained by lumping both populations under comparison together and generating 100 pairs of random partitions of the total, each time of the same size as the two original samples, by shuffling alleles 20,000 times. The number of times (in the 100 simulations) the simulated parameter was equal to or greater than the observed one was used as the significance value of a test for differentiation between populations. The genetic distance among populations defined above was used to generate neighbor-joining trees by means of PHY-LIP 3.572 (Felsenstein 1985 ) NEIGHBOR program; the bootstrap consensus tree was obtained using CONSENSE. Trees were drawn using TreeView (Page 1996) .
Programs for pair-wise comparison have been written in Future BASIC II (STAZ Software, Inc.) for PowerPC Macintosh and are available on request.
To estimate the age of specific alleles, we have applied, the maximum-likelihood approach based on the number of copies of the allele in a sample from the population proposed by Slatkin and Ranala (1997) . The estimator
provides an estimate of the age of an allele with i copies in a sample of n alleles from a present-day population of size N, where = s + r, s being the selection coefficient for heterozygotes and r the exponential growth-rate parameter. The value s is assumed to be 0 (neutrality), and a value r of 0.005 per generation (Slatkin and Ranala 1997) was used to represent an exponentially growing population. This value is intended to represent an upper limit for the growth rate of the Basque population to obtain conservative estimates of the allele ages. The confidence intervals of the estimate were obtained by determining the support interval of the likelihood, the support function being defined as the natural logarithm of the likelihood function (Edwards 1972 ).
